P. bifermentans with the name Paraclostridium bifermentans subsp. rDNA gene sequences and/or some phenotypes; however, they did not report its biochemical properties [1] . Indeed, several Clostridium species contained in the class Clostridia have since been transferred to other genera on the basis of findings on taxonomic analyses, such as biochemical properties and full genome analysis [2] [3] [4] . Determining the properties of individual bacterial species may lead to a more detailed and clear classification of class Clostridia. Clostridium sp. strain PAGU 1678 was isolated from rat feces by Kalmokoff et al. Phylogenetic analysis based on the 16S rRNA gene has shown that this strain has high homology with Paraclostridium bifermentans (formally "Clostridium bifermentans"), which belongs to Clostridium cluster XI. "C. bifermentans" was first isolated from putrefied butcher's meat by Tissier and Martelly in 1902 [5, 6] and was subsequently transferred to the genus Paraclostridium in 2016 [2] . It is reportedly involved in various human diseases, such as endometriosis, empyema, metastatic osteomyelitis and endocarditis [6] [7] [8] [9] .
Strain PAGU 1678 T was the first strain shown to exacerbate pathosis in a mouse model of dextran sulfate sodium-induced ulcerative colitis [10] . To accurately determine the taxonomic position of this medically important strain, analyses of phenotype, various biochemical properties, and genetic homology, and comparisons based on bacterial whole-cell proteins were carried out using P. bifermentans PAGU 2008 T (═JCM 1386 T ) and the related strain P. benzoelyticum PAGU 2068 T (═LMG 28745 T ).
Here, we present the results of our taxonomic analysis. We propose Paraclostridium bifermentans subsp. muricolitidis subsp. nov., emending the description of Paraclostridium bifermentans, and suggest creation of Paraclostridium bifermentans subsp. bifermentans subsp. nov.
| MATERIALS AND METHODS

| Strains used and cultivation conditions
Strain PAGU 1678 isolated from biobreeding rat feces was obtained from Kalmokoff et al. [11] . The following type strains were used as a comparison: P. bifermentans PAGU 2008 T (═JCM 1386 T ) and P. benzoelyticum PAGU 2068
For all strains, GAM medium (Nissui, Tokyo, Japan) or reinforced clostridial medium (consisting of 10.0 g/L casein enzymic hydrolysate
.0 g/L sodium acetate and 0.5 g/L agar) was used [2, 12] . Each strain was incubated at 37°C for 24-48 hr under anaerobic conditions (10% CO 2 , 10% H 2 , 80% N 2 ) generated by an Anoxomat (Mart Microbiology, Drachten, the Netherlands).
| Phenotypic and biochemical tests
Bacterial cell shape and size were determined using a scanning electron microscope (JXA-8530FA; JEOL, Tokyo, Japan) as described previously [13, 14] . Motility and Gram staining were observed by phase-contrast light microscopy (Nikon ECLIPSE 80i; Nikon, Tokyo, Japan) [2] .
The optimum growth temperature was examined at 5°C intervals from 25°C-50°C. The optimum growth pH was determined by preparing a liquid medium at 0.5 intervals from pH 5.0-9.5. The optimum growth NaCl concentration was examined by preparing a liquid medium containing 0%-5% (w/v) NaCl.
Growth on organic substrates (ascorbate, benzoate, butyrate, cellobiose, fructose, fumarate, glucose, glycerol, lactose, malate, mannitol, mannose, ribose, sorbitol, starch and succinate) was tested as described in previous reports [2, 15] .
Amino acid fermentation (arginine, proline, serine, threonine, glutamine, leucine, alanine, histidine, valine, l-tryptophan, l-phenylalanine and threonine) was tested as described previously [2] .
Various biochemical tests (starch/gelatin hydrolysis, H 2 production, nitrate reduction, indole production, citrate utilization, and lipase, oxidase, and catalase activity) were carried out as described previously [2, 16] .
Lysine decarboxylation and H 2 S productivity was confirmed using LIM medium (Nissui) and TSI medium (Nissui), respectively.
Antimicrobial T ) was tested as described previously [2, 17] . The antibiotic susceptibility of each strain was determined using discs containing 100 μg/mL kanamycin, 100 μg/mL fosfomycin, 100 μg/mL rifampicin, 100 μg/mL polymyxin-B, 50 μg/mL gentamicin, 100 μg/mL tetracycline, 100 μg/mL ampicillin, 50 μg/mL chloramphenicol, 100 μg/mL erythromycin or 100 μg/mL metronidazole. Susceptibility or resistance was judged by the presence or absence, respectively, of an inhibitory zone at 48 hr of culture.
Polar lipids were analyzed using two-dimensional thinlayer chromatography as described previously [18] .
Cellular fatty acid methyl esters were analyzed by a MIDI microbial identification system (Newark, DE, USA) [18, 19] . For the analyses, the strains were cultivated on a medium consisting of casein enzymatic hydrolysate (5 g/L), yeast extract (3 g/L) and glucose (1 g/L) under a N 2 atmosphere on 37°C.
| DNA and phylogenetic analysis
Genomic DNA was extracted from each strain using a MORA EXTRACT kit (Kyokuto, Tokyo, Japan). PCR amplification targeting the 16S rRNA gene was carried out and the gene sequence of each amplicon determined [14] . Multiple alignments of the DNA sequences was performed using Clustal X software, and phylogenetic distances and clustering were calculated using a neighbor-joining method [14, 20, 21] . The phylogenetic tree was depicted with NJplot software [22] .
To determine the taxonomic relationship, extracted DNA was purified by silica-guanidinium thiocyanate [23] , and DDH carried out according to the microplate method [24] . Hybridization experiments were performed at 26°C (optimal conditions) and 36°C (stringent conditions).
The whole genome sequences of strain PAGU 1678 was determined as described previously [14] . The sequence data have been deposited at the DDBJ under accession number DRA007030. The whole genome sequences of each type strain of P. bifermentans and P. benzoelyticum were obtained from DDBJ; accession numbers AVNC00000000 and LBBT01000000,
respectively. The relationships of the three strains were determined by DNA homology of the whole genome using the ANI method [25] . ANIb (based on BLAST) was calculated using JSpecies V1.2.1 [14, 26] .
| Analysis of whole-cell protein
Whole protein was extracted from the cells as described previously [27] with a slight modification. The cells were collected in the growth phase by centrifugation and the pellets washed with 50 mM Tris-HCl. The cells were then homogenized using a bead tube (Kyokuto), after which 1× SDS sample buffer (0.5 M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 2% 2-mercaptoethanol, 0.3% bromophenol blue) was added, heated at 95°C, and the supernatant after centrifugation used as the analytical sample. SDS-PAGE was carried out at 100 V for 120 min using a 4%-20% gradient gel (Multi Gel II mini 4/20; Cosmo Bio, Tokyo, Japan). The gel was stained with 0.05% (w/v) Coomassie brilliant blue (Wako, Osaka, Japan) and electrophoretic bands observed on a white transmitting light source (Atto, Tokyo, Japan). Cluster analysis based on the molecular weight of each band was performed using FPQuest Software Version 4.5 (Bio-Rad, San Diego, CA, USA). Cluster analysis based on the whole protein spectrum, MALDI-TOF MS, was performed as described previously [28] . Analyses were carried out using VITEK MS Plus (bioMérieux, Marcy l'Etoile, France) according to the manufacturer's instructions. VITEK MS Plus is equipped with the RUO system with the SARAMISTM Knowledge Base v 4.12. SARAMISTM contains 20,293 spectra for 1440 bacterial species. Escherichia coli ATCC 8739 was analyzed as a quality standard for each group of samples.
| RESULTS
| Morphological characteristics and phenotypes
Strain PAGU 1678 T , P. bifermentans PAGU 2008 T and P.
benzoelyticum PAGU 2068 T were found to be obligately anaerobic and to form 1-2 mm diameter circular colonies 24-48 hr after culture on GAM agar plates. The colonies formed yellowish cream-white small mounds. Each strain grew very rapidly and the growth characteristics did not differ between them. Microscopic examination showed that all strains are rod-shaped, motile, and similar in length and width ( Figure 1 ). All strains were gram-positive and terminal to subterminal elliptical spores were identified ( Figure 2 ). The optimum growth temperature, pH, and NaCl concentration of PAGU 1678 T , P. bifermentans PAGU (Table 1) . As for polar lipids, phosphatidylglycerol, diphosphatidylglycerol, phosphatidylcholine, aminoglycolipid, unidentified phospholipids, and unidentified glycolipid were present in strain PAGU 1678 T ( Figure 3 ). In strain PAGU 1678 T , two patterns of unidentified phospholipids with different polarities were identified; however, only a single phospholipid spot was detected in the other two strains. In addition, two unidentified glycolipid spots appeared in P. 
| Phylogenetic analysis
A phylogenetic tree based on the 16S rRNA gene sequences of strain PAGU 1678 T , P. bifermentans PAGU 2008 T and P. 
| Whole-cell protein analysis
MALDI-TOF MS is used as a classification tool in bacterial taxonomy of genus Clostridium species [29, 30] . MALDI-TOF MS and cluster analysis was performed on the three strains analyzed here. As shown in Figure 5 , the dendrogram constructed by mass analysis shows branching based on differences in the spectra and the three strains are clearly classified by each cluster. From the dendrogram generated using the SDS-PAGE pattern, it was determined that the protein structure of strain PAGU 1678
T is more similar to that of P. bifermentans PAGU
2008
T than to that of P. benzoelyticum PAGU 2068 T ( Figure 6 ).
| DISCUSSION
P. bifermentans JCM 1386 T reportedly does not produce
; however, we found two versions of the type strain of P. bifermentans (PAGU 2008 T and PAGU 2078 T ) to be positive for H 2 S production. We therefore concluded that P. bifermentans should be described as positive for H 2 S production. Furthermore, we found strain PAGU 1678 T to be negative for H 2 S production; thus, this trait is useful for differentiating this strain from the other two closely related species. As shown in Table 1 , strain PAGU 1678 T and P.
benzoelyticum PAGU 2068 T can easily be distinguished on the basis of various biochemical properties; strain PAGU 1678 T being distinguished from P. bifermentans PAGU 2008 T and P. benzoelyticum PAGU 2068 T by the utilization of valine. Furthermore, strain PAGU 1678 T was found to be sensitive to rifampicin and gentamicin, but resistant to chloramphenicol; these data can be used to distinguish it from the other two type strains. Phylogenetic analysis based on 16S rRNA gene sequences indicated that strain PAGU 1678 T is phylogenetically very closely related to P. bifermentans PAGU 2008 T . In many cases of phylogenetic analysis, it is difficult to distinguish between two bacterial species using only the 16S rRNA gene. In fact, even when the homology of the 16S rRNA gene is >99%, a clear classification can be obtained using DDH homology values [31, 32] . We found a value of 60.03% (58.31%-61.75%) for strain PAGU 1678 T and P. bifermentans PAGU 2008 T , which does not fully satisfy the criterion for the same species (>70%); rather, the observed value categorizes them as "other subspecies" that belong to the same species (P. bifermentans) [33] . In contrast, the ANIb Ascorbate, butyrate, fructose, glucose, glycerol and malate are utilized for growth, whereas benzoate, cellobiose, fumarate, lactose, mannitol, mannose, ribose, sorbitol, starch, succinate and sucrose are not utilized for growth. It is resistant to ampicillin and chloramphenicol and sensitive to gentamicin. As for its biochemical properties, it is positive for casein hydrolysis, gelatin hydrolysis, H 2 production, indole production from ltryptophan and lipase activity, whereas it is negative for catalase activity, citrate utilization, nitrate reduction, oxidase activity and starch hydrolysis. H 2 S is not produced. It is positive for lysine decarboxylation. Antimicrobials are produced.
The type strain is PAGU 1678 T (═CCUG 72489 T ═NBRC 113386 T ), which was isolated from feces of biobreeding rats in Canada. The DNA G+C content of the type strain is 28.1%.
| Description and emendation of
Paraclostridium bifermentans subsp. bifermentans subsp. nov. 
